A series of studies in this laboratory have focused on how an indigenous microbiota influences the activities of alkaline phosphatase, phosphodiesterase I, and thymidine kinase in the enterocytes of the upper small intestine of mice. To draw conclusions about the role of the microflora in determining levels of enzymatic activity, we found it necessary to develop a procedure by which cell suspensions could be obtained containing enterocytes isolated sequentially from the villous tip to the crypt of Lieberkuhn. The procedure was modified from the one developed for rats by Weiser (J. Biol. Chem. 248:2536-2541 , 1973 , involved a minimum number of interfering factors (e.g., proteolytic enzymes and mechanical agitation), and worked reproducibly for mice. During development of the procedure, some variables affecting the assays of the enzymes known to be present in enterocytes were also explored. Rods to which were tied everted segments of gut were incubated in a series of tubes containing a solution of EDTA the concentration of which was changed from 1.5 to 5.0 mM, thus giving a greater yield of enterocytes at every step. The cells incubating in the chelating solution were most stable when 0.23 M sucrose was included in the EDTA solutions. Success in assaying enzymatic activities in the cell suspensions depended on (i) how the cells were isolated, (ii) the assay procedure for thymidine kinase, and (iii) whether cellular suspensions or extracts were assayed.
Enzymatic activities associated with intestinal epithelial cells change as these cells differentiate and mature. Studies of how a microbiota influences such changes in the enzymatic activities require that the cells be isolated sequentially from the villous tip to the crypt of Lieberkuhn. Numerous investigators have successfully isolated enterocytes from animals of a number of species, but many of the procedures introduce a variety of factors that influence subsequent analyses of properties of the isolated cells. The procedures include (i) mechanical agitation (7) , which may cause cells to detach from different positions of the villus rather than sequentially from the tip of the villus to the crypt (27, 32) ; (ii) proteolytic enzymes or hyaluronidase (4, 8, 12) , which may degrade the enzymes of the microvillous membrane of the enterocytes as well as release the cells from the basement membrane; and (iii) exposing the epithelial cells to solutions containing EDTA for well over an hour (25) , which can inactivate a variety of enzymes associated with the enterocytes (13, 16) and kill the cells (19) .
Success in isolating enterocytes in a sequential manner from villous tip to the crypt of Lieberkuhn depends on a variety of factors, e.g., manipulation of gut segments (2, 12) , ion content (7, 26) , animal species (12, 25) and strain (2) , and the portion of the gut used (i.e., jejunum or ileum) (23) . Success in assaying various enzymatic activities of isolated enterocytes (intestinal epithelial cells) depends on (i) how the cells were isolated, (ii) the assay procedure, and (iii) whether cell suspensions or extracts of cells are assayed (5, 17) .
In this laboratory, we have been assaying the activities of alkaline phosphatase, phosphodiesterase, and thymidine kinase in cell suspensions containing enterocytes from the upper small intestine of germfree mice and ex-germfree mice associated with an indigenous gastrointestinal microflora (21, 30, 31) . To perform such assays, we had to isolate epithelial cells in a sequential fashion with a minimum number of interfering factors. A reliable system for isolating such cells has been developed for rats (28) . We modified that procedure and report here the details of our procedure and results gained during its development.
MATERIALS AND METHODS Animals. Male and female mice used in experiments were descendants bred in this laboratory either from germfree ICR stock obtained from the Gnotobiote Laboratory at the University of Wisconsin, Madison, or from germfree Crl: CD-1(ICR)GN stock obtained from Charles River Breeding Laboratories, Inc., Wilmington, Mass. Prior to association they were maintained under germfree conditions (29) . The animals were 4 to 6 weeks old when they were removed from the isolators and transferred to an open animal room in which other conventional mice were housed. From then on they were maintained on supplies which were not sterilized. Experiments in other laboratories (10) had shown that the activities of several intestinal enzymes were comparable in rats that were associated by placing them in an open animal room and in those which had been given fecal material and then housed in isolators. Although the mice in our experiment were not directly given any microorganisms, the animals acquired a complex microbiota in their alimentary tracts as indicated by their acquiring physiological and anatomical characteristics of animals associated with a complex biota in a conventional environment (6, 29) . No attempt was made to identify the components of the acquired flora. The mice had been housed under conventional conditions for at least 5 weeks when they were used in experiments. Once ex-germfree mice have been associated with a complex microflora for this length of time, the enzyme activities reach a new stable level, implying that the population of microorganisms colonizing the intestine has become well established and stable (29) . In all experiments, the animals were killed with CO2 between 8:40 and 9:00 a.m.
Intestinal cell preparation. Cell suspensions were prepared by several procedures. In all cases, a 3-cm segment (-200 mg) of small intestine extending distally from the pylorus was removed from each mouse, everted onto a glass rod (3-mm diameter), tied, rinsed with cold 0.9% NaCl, blotted, and placed in 4 ml of solution A (1.5 mM KCl, % mM NaCl, 27 mM sodium citrate, 8 mM KH2PO4, 5.6 mM Na2HPO4, pH 7.3) (28) for 30 min at 37°C. Depending on the experiment, the tissue was then transferred to 4 The reaction was stopped when 20 ,ul of the assay mixture was applied to a Whatman DEAE-cellulose disk (DE81) and placed in either 95% ethanol or in 1.0 mM NH4COOH. All disks from an assay were batch washed (15 ml per disk) in one of three ways. In one procedure, they were left in the 95% ethanol for 10 min at room temperature and then were transferred twice to equal volumes of fresh 95% ethanol for 10 min each (13) . In the other procedures, the filters placed in NH4COOH were left at room temperature for 10 min and were then transferred to an equal volume of distilled H20 for 10 min and then to an equal volume of 95% ethanol for another 10 min (14) . In some experiments, the washing procedure in the three different solutions was done on a shaker (9) at room temperature. In other experiments, the washing solutions were not shaken (14) . In all procedures, the disks were air dried, after which each was placed in a scintillation vial containing 1.0 ml of 4 N HCl, which was then placed into a boiling water bath for 10 min. After the filters were digested in the hot acid and cooled, [19] ). Therefore, the with the enterocytes ( (Table 3) . The decline was similar in magnitude for all three solutions. The total activity of phosphodiesterase decreased somewhat from the starting value in solution Bi but not in solutions B2 and B3 containing sucrose. The specific activity of this enzyme remained steady during incubation in all three solutions. Apparently, the cells differentially lost some proteins into the solutions during incubation, with a concomitant loss of some enzymatic activities that were present in the cells in the initial sample. The activities of alkaline phosphatase and thymidine kinase may have declined in part because these enzymes were inactivated by EDTA (13, 16 pellets of cells homogenized in the same buffer were assayed for protein content and the activities of alkaline phosphatase, phosphodiesterase, and thymidine kinase. The protein content and total activities of alkaline phosphatase and phosphodiesterase were greater in samples of cell suspensions than in cellular extracts (Table 4) . Conversely, the total activity of thymidine kinase was lower in samples of cells than in extracts. The specific activities of alkaline phosphatase and phosphodiesterase were about the same in both preparations, but that of thymidine kinase was lower in samples of whole cells than in the extracts. Thymidine kinase activity of cell suspensions measured in assays in which unreacted substrate was washed from filters in a series of solutions with shaking or without shaking. In assays of thymidine kinase activity of cells in which the filters containing the reaction products were washed three times with 95% ethanol, a considerable amount of unreacted substrate remained on the filters. In an attempt to decrease the background radioactivity, we changed to a different procedure for washing filters. The filters were washed first in 1 mM NH4COOH, then glass-distilled H20, and finally 95% ethanol. The washing procedure was carried out in two ways: (i) the vessels containing the washing solutions were allowed to stand without shaking or (ii) they were shaken gently on a platform shaker. Considerably more unreacted substrate was removed in either procedure with the three wash solutions than in the procedure using only ethanol (data not shown). Moreover, more background radioactivity was removed in the procedure in which the vessels were shaken than in that in which they were not shaken, permitting us to detect small differences between samples (Fig. 2) .
DISCUSSION
We explored a variety of approaches for isolating enterocytes from the villous tips to the crypts of Lieberkuhn of the small intestine of mice. Our finding that solutions containing 5 mM EDTA (i.e., solutions Bi, B2, and B3) are (7) . The yield of enterocytes from rat small intestine is erratic when 1 mM EDTA is used (26) . Moreover, less than 20% of the number of cells obtained in solutions containing 5 mM EDTA are isolated into solutions containing that component at 1 mM (26) . We observed a threefold-greater cell mass in solutions containing 5 mM EDTA as compared with that in 1.5 mM EDTA both when cells were isolated sequentially (Fig. 1A) (Fig. 1A and B) . Other researchers (2) have dealt with unequal fraction sizes by diluting samples so that they contained equal cell numbers before assaying them for enzymatic activity. Others (e.g., see references 5, 20, 22, 25, and 28) (28) was not adequate to remove mouse crypts. We are interested, however, in assessing how the microflora influences the activities of alkaline phosphatase, phosphodiesterase, and thymidine kinase in enterocytes of the small intestine as these cells differentiate and the rate at which the epithelial cells migrate along the villi of the small bowel. Therefore, our emphasis is primarily on villous cells. To study such mechanisms, we compare germfree mice with animals associated with a flora (21, 30, 31) . Equivalent percentages of cell mass, protein content, enterocytes, and enzymatic activities can be removed from the two types of animals (data not shown) (31) .
By comparison with solution Bi (not containing sucrose), fewer cells were isolated at each step in solutions B2 and B3 (containing sucrose) (Fig. 1A) . Therefore, we attempted to remove more cells in solution B3 by manually rotating the rod with the intestinal segment in the solution at each step of the fractionation. When this was done, the activities of the enzymes measured did not form the patterns observed when the rod was not rotated. The numbers of cells obtained at each step were quite irregular. Cells were apparently not removed sequentially from villous tip to the crypt (27, 32) . These data further support our conclusion that when gut segments are incubated without agitation in a series of tubes containing solution Bi, B2, or B3, primarily enterocytes are being released and they are released sequentially. When the rods containing the gut segments were incubated in each tube of solution B3 for a period 50% longer than in the standard procedure, cells were also released in a somewhat irregular pattern. In addition, the enzymatic activities were also lower than those detected in extracts of cells obtained by the standard procedure.
The procedure developed by Weiser (28) had appeared to us to be useful for our purposes; it is relatively gentle because proteolytic enzymes or vibration techniques are not used. As previously reported by Kremski et al. (12) , however, the Weiser procedure is not directly applicable to the upper small intestine of mice. To avoid extra complicating factors (e.g., proteolytic enzymes and vibration techniques), we used 5 mM EDTA as a chelating agent for removing the cells from the mucosa. Because enzymatic activity is lost by cells as they are incubated in EDTA solutions, however, we tested the stability of the enzymatic activities in solutions containing 5 mM EDTA with and without sucrose (i.e., solutions Bi, B2, and B3) as a stabilizer. The three enzymes analyzed proved to differ in stability (Table 3) . In all three solutions, the activity of alkaline phosphatase declined from that in the initial preparation; likewise, the activity of thymidine kinase declined with time, although the rate and total amount of activity lost was less than that of alkaline phosphatase. By contrast, the activity of phosphodiesterase did not change from initial values during an hour in the solutions. The sucrose in solutions B2 and B3 did not markedly influence the enzymatic stability. However, our observation and that of others (19) that isolated enterocytes remained intact in the solutions containing sucrose while a certain fraction of those in the solution without sucrose ruptured led us to the conclusion that a solution containing sucrose is preferable to one without sucrose even though the stability of the enzymatic activities was comparable.
The procedure by which we assessed the activity of thymidine kinase also influenced the outcome of that assay.
The highest levels of activity of this enzyme occurred in the reaction mixture of Patnaik et al. (18) . The data obtained when the filters containing the reaction products were washed with shaking in three different solutions varied less than those from other procedures (Fig. 2) . Product bound to VOL. 54, 1988 on December 21, 2017 by guest http://aem.asm.org/ Downloaded from washed filters was released when the filters were digested in 4 N HCl, thus making it available for assessment by liquid scintillation spectrometry (1) .
The aim in the studies reported here was to develop a procedure which works reproducibly for comparisons of activities of enterocytic enzymes in germfree and associated mice. Cells were removed sequentially from the tip of the villus to the crypt of Lieberkuhn without proteases being introduced or gut segments being agitated. In brief, rods to which were tied everted segments of the upper small bowel of mice were incubated in a series of tubes containing solution B3. Harvested cells were suspended in sucrose-Tris buffer; cell suspensions were used for assays of protein content and enzymatic activity. Thymidine kinase activity was reproducibly assayed when the products on the filters were washed in three solutions with shaking. We have successfully used this procedure to study how lactobacilli and a complex indigenous microbiota affect alkaline phosphatase, phosphodiesterase, and thymidine kinase activities in enterocytes of mice (30, 31) .
